Abscisic acid (ABA), an apocarotenoid synthesized from cleavage of carotenoids, regulates seed maturation and stress responses in plants. The viviparous seed mutants of maize identify genes involved in synthesis and perception of ABA. Two alleles of a new mutant, viviparous14 (vp14), were identified by transposon mutagenesis. Mutant embryos had normal sensitivity to ABA, and detached leaves of mutant seedlings showed markedly higher rates of water loss than those of wild type. The ABA content of developing mutant embryos was 70% lower than that of wild type, indicating a defect in ABA biosynthesis. vp14 embryos were not deficient in epoxy-carotenoids, and extracts of vp14 embryos efficiently converted the carotenoid cleavage product, xanthoxin, to ABA, suggesting a lesion in the cleavage reaction. vp14 was cloned by transposon tagging. The VP14 protein sequence is similar to bacterial lignostilbene dioxygenases (LSD). LSD catalyzes a double-bond cleavage reaction that is closely analogous to the carotenoid cleavage reaction of ABA biosynthesis. Southern blots indicated a family of four to six related genes in maize. The Vp14 mRNA is expressed in embryos and roots and is strongly induced in leaves by water stress. A family of Vp14-related genes evidently controls the first committed step of ABA biosynthesis. These genes are likely to play a key role in the developmental and environmental control of ABA synthesis in plants.
In plants, abscisic acid (ABA) is a key hormonal regulator of seed maturation (1) that mediates responses to a variety of stress conditions including water stress (2) . Biochemical studies (3) and analyses of mutants that block ABA synthesis (4, 5) indicate that ABA is synthesized from oxidative cleavage of epoxy-carotenoids to produce xanthoxin, which is subsequently converted to ABA via the ABA-aldehyde intermediate (6) .
Biochemical studies suggest that cleavage of 9-cisxanthophylls is the key regulatory step in the ABA biosynthetic pathway (6) . The carotenoid precursors are present in very high concentrations relative to ABA, indicating that synthesis of the 9-cis-xanthophylls is unlikely to regulate ABA synthesis in plant tissues (7) . The enzyme activities required for conversion of xanthoxin to ABA are constitutively active in most plant tissues (6) . However, protein synthesis and transcription inhibitors prevent induction of ABA synthesis in droughtstressed leaves, indicating that stress-induced ABA synthesis requires gene expression (reviewed in ref. 3) .
ABA-deficient mutants are known in maize, Arabidopsis, and a few other species (3, 5, (8) (9) (10) (11) (12) . In maize, ABA-deficient mutants cause precocious seed germination (1) . The Arabidopsis aba1 and N. plumbaginifolia aba2 mutants are deficient in the epoxy-carotenoid precursors of ABA (4, 11) and encode a zeaxanthin epoxidase (5) . The steps downstream of the cleavage reaction, conversion of xanthoxin to ABA-aldehyde and oxidation of ABA-aldehyde to ABA, are defined in Arabidopsis by the aba2 and aba3 mutants, respectively (9) .
Other potential ABA mutants have recently been identified in maize as viviparous seed mutants that have normal carotenoid pigmentation (1) . Here we report a biochemical and molecular analysis of one such mutant, vp14. We show that the VP14 protein is related to lignostilbene dioxygenases, bacterial enzymes that catalyze a double-bond cleavage reaction that is chemically similar to the carotenoid cleavage step of ABA biosynthesis (13) . Studies of the recombinant protein confirm that VP14 catalyzes carotenoid cleavage reaction (14) . In this paper, we show that Vp14 is developmentally regulated and induced in leaves by drought stress.
MATERIALS AND METHODS
The Robertson's Mutator lines were a gift of Donald S. Robertson, Iowa State University (Ames, IA). The vp14-2274 and vp14-3250 mutant lines were outcrossed to W22 and subsequently maintained by self-pollination of heterozygous plants. The near isogenic wild-type NS-2274 (nonsegregating) and vp14-2274 mutant strains used for biochemical and molecular analyses were extracted from a vp14-2274 heterozygous line.
ABA Determinations and Carotenoid Analysis. Embryos (5 g per sample) were harvested at 16, 18, and 20 days postpollination (DAP). Extraction and analysis of carotenoids by HPLC were performed as described (4) . ABA extractions and quantification by GC with electron capture detector (ECD) were performed as described (8) . For determination of stressinduced ABA synthesis, detached leaves of seedlings were allowed to lose 15% of their initial fresh weight by transpiration in room air and then placed in heat-sealed plastic bags and incubated for 5 hr.
Determination of ABA Sensitivity in Culture. Ears harvested from greenhouse-grown plants at 16 and 18 DAP were surface-sterilized by submersion in a 70% ethanol solution containing 1% dish detergent for 5 min. Embryos were removed aseptically and placed on media containing MS (pH 5.7), 0.2% phytagel, and the indicated concentration of ABA (10) . Embryos were cultured at 25°C in a growth chamber, and shoot, root length, and fresh weight were measured after 5 days. The data shown are the means of 15 to 20 embryos for each treatment from 16 DAP. The data for 18 DAP were similar.
Southern and Northern Blot Analysis. Approximately 10 g of genomic DNA (15) was digested with the indicated restriction enzymes and resolved by agarose gel electrophoresis. Southern blots on nylon membranes (16) were washed in a 40 mM sodium phosphate͞1% SDS solution at 65°C for 2-3 hr for moderate stringency and at 70°C for high stringency.
Total RNA was extracted from maize tissues (1-2 g) in TriZol solution according to the manufacturer's instructions (GIBCO͞BRL) and purified further by precipitation with 2-propanol. Poly(A) ϩ -enriched RNA was prepared by using PolyATtract according to the manufacturer's instructions (Promega) and quantified spectrophotometrically. One microgram of poly(A)-enriched RNA was resolved in a 1.5% agarose gels containing formaldehyde and probed as described for Southern hybridization (16, 17) . DNA probes were radiolabeled with [␣-32 P]dCTP (3,000 Ci͞mmol; 1 Ci ϭ 37 GBq) using the Random Primer DNA Labeling System (GIBCO͞BRL).
Construction and Screening of Genomic and cDNA Libraries. Genomic DNA was digested with restriction enzymes and size-fractionated by centrifugation at 25,000 ϫ g at 4°C for 24 hr through a 10-40% linear sucrose gradient prepared in sterile TE buffer (10 mM Tris⅐HCI͞1 mM EDTA, pH 8.0). Selected DNA fractions were ligated into phage cloning vectors (gt10 or ZAP) and packaged according to the manufacturer's instructions (Stratagene). A wild-type embryo cDNA library was constructed in ZAP from 5 g of poly(A) RNA prepared from 18-day postpollination embryos. cDNA was prepared by using the ZAP Express cDNA Synthesis Kit (Stratagene). Libraries were screened by DNA hybridization (16) . A 2.5-kb XhoI genomic fragment isolated from vp14-2274 was subcloned in pBluescript (Stratagene) and PCR was used to amplify and clone a 1-kbp sequence flanking Mu1 into pBluescript SK. The 5Ј primer derived from terminal repeat of Mu1 (5Ј-CCATAATGGCAATTATCTC-3Ј), and the T7 sequencing primer was used as the 3Ј (5Ј-TAATACGACTCAC-TATAGGG-3Ј).
Conversion of Xanthoxin to ABA in Cell-Free Extracts. Embryos (5 g) were homogenized in 0.2 M KPO 4 , pH 7.5͞10 mM DTT. The extract was centrifuged to remove insoluble material, and the supernatant fraction was desalted by passage through a G-25 Sephadex spun column. Enzyme assays contained 1 mM PMSF, 0.25 mM EDTA, and 1 g cis-xanthoxin and crude enzyme extract. ABA was quantified by GC with ECD (8) .
RESULTS

Isolation of vp14. The vp14-2274 allele was identified in a
Robertson's Mutator strain as a viviparous mutant with weak penetrance under field conditions (1). The mutant embryo shoot axis is elongated relative to the wild type but frequently does not expand sufficiently to rupture the pericarp and initiate germination. Mutant seed that survive desiccation produce fully viable plants. The penetrance of the viviparous phenotype was enhanced under winter greenhouse conditions, suggesting an interaction with environmental factors. Mutant plants were not prone to water stress in the stressful Florida field environment. A second, less penetrant Mutator allele, vp14-3250, was confirmed by complementation testing. The vp14 locus was mapped to chromosome 1L by pollinating vp14-3250 and vp14-2274 plants with the T-B1La, B-A chromosome translocation stock (18) . Because B-A chromosomes frequently nondisjoin at the second mitosis in pollen development, a translocation that includes a segment containing Vp14 will produce hybrid embryos that are hemizygous for the mutant allele and are hence viviparous. To test the relationship to other viable viviparous mutants, vp14-2274 plants were crossed to homozygous vp8 (also located on 1L), vp10 (19) , and vp*3286 (1) mutant plants. All of these mutants complemented the vp14 alleles.
The vp14 Phenotype Is Rescued by ABA. To test whether vp14 had altered sensitivity to ABA, embryos were excised from homozygous mutant and wild-type ears at 16 DAP and incubated for 5 days on media containing various concentrations of ABA. ABA inhibition of shoot elongation and total fresh weight gain was similar for mutants and wild types ( Fig.  1A and B) . Consistent with previous studies (10) embryos showed significant growth inhibition on 10 Ϫ7 M ABA and growth was fully inhibited by 10 Ϫ5 M ABA. Mutant strains showed slightly enhanced sensitivity to ABA inhibition of root growth. Based on these results, the viviparous phenotype could not be attributed to a defect in ABA signal transduction.
ABA Synthesis Is Reduced in vp14 Embryos and WaterStressed Leaves. ABA levels were measured in mutant and wild-type embryos at 16, 18, and 20 DAP, a time frame that spans the peak in ABA-regulated gene expression in embryos (20) . Table 1 shows that vp14-2274 embryos contained only 28% of the wild-type level of ABA at 16 and 18 DAP and 61% (Fig. 1D) . This difference was detected within 5 min following detachment, indicating that either stomatal aperture was altered in mutant seedlings prior to detachment or that a very rapid stress response was blocked in the mutant.
Analysis of ABA Pathway Intermediates in vp14 Embryos. In the proposed ABA biosynthetic pathway, 9-cis-violaxanthin and 9Ј-cis-neoxanthin are precursors of xanthoxin that is subsequently converted to ABA. Fig. 2 shows HPLC chromatograms of carotenoids extracted from mutant and wildtype embryos at 18 DAP. The relative levels of all-transviolaxanthin, 9-cis-violaxanthin, and 9Ј-cis-neoxanthin intermediates were similar in vp14 mutant and wild-type embryos. A relatively low amount of zeaxanthin in the mutant is consistent with the occurrence of precocious leaf development in the viviparous embryos.
To assay steps of the pathway downstream of the carotenoid cleavage reaction, the conversion of xanthoxin to ABA was measured in cell-free extracts of mutant and wild-type embryos. As shown in Table 2 , the specific activity of xanthoxin conversion to ABA is significantly higher in vp14-2274 than in wild-type embryos. The lack of effects on biochemical steps upstream and downstream of xanthoxin synthesis is consistent with a block at the cleavage step in the vp14 mutant.
Molecular Analysis of vp14. To clone the vp14 gene, a Mu1 transposable element that cosegregated with the vp14-2274 mutant was identified by Southern blot analysis of DNA extracted from plants of a segregating population (Fig. 3A) . A cosegregating 2.5-kb XhoI fragment was cloned in gt10. From this clone, a Mu1 flanking genomic DNA sequence (1 kb) was amplified by PCR and subcloned to obtain a vp14 specific probe that was used subsequently to isolate overlapping wildtype genomic clones and nearly full-length cDNA clones from an embryo cDNA library. The Southern blot shown in Fig. 3B (Fig. 3C ). RFLP mapping of vp14 probes in recombinant inbred populations (Maize Genome Database, University of Missouri, Columbia, MO) placed vp14 (uFg4a) near the bz2 locus on chromosome 1L. On low-stringency Southern blots, the vp14 cDNA detected at least eight bands in inbred W22 in addition to the 6-kbp Vp14 band (Fig. 3B) .
Structure of the Vp14 Gene and Its Relationship with Cleavage Dioxygenases of Bacteria. Ten nearly full-length cDNA clones were isolated from an 18-DAP W22 embryo cDNA library screened with P2. Comparison of the cDNA and genomic DNA sequences (GenBank accession U95953) detected no introns in Vp14. A putative TATA box was located in the genomic sequence 80 bp upstream of the longest cDNA (data not shown). The cDNA contained a 604-aa ORF that would encode a 65.5-kD protein.
Searches of protein sequence databases detected similarity to lignostilbene dioxygenase (LSD) of Pseudomonas paucimobilis (13) , human RPE65 (21), and two sequences in the complete Synechocystis cyanobacterium genome (22) . Fig. 4 shows that the protein sequences align closely at the C terminus. Blocks of similarity are clustered around four conserved histidines. In dioxygenases of known structure, conserved histidines are typical ligands of a non-heme iron cofactor and LSD requires non-heme iron (13) . LSD catalyzes oxidative cleavage of the central double bond of lignostilbene to yield two molecules of the corresponding aldehyde (vanillin) as illustrated in Fig. 5 . This reaction is chemically very similar to the proposed carotenoid cleavage reaction in ABA biosynthesis. The VP14 sequence includes a 100-aa N-terminal extension relative to LSD and RPE65. The N-terminal sequence is consistent with the properties of a chloroplast transit peptide (23) and the evidence that the cleavage reaction occurs in plastids (3).
Vp14 Is Developmentally and Environmentally Regulated. Fig. 6A shows that a 2.6-kb Vp14 transcript is expressed in developing wild-type embryos, whereas size-altered transcripts were detected in vp14-2274 embryos and roots. mRNA levels were greatly reduced in vp14-3250 embryos. The size of the major mutant transcripts is consistent with transcriptional readthrough of the Mu1 insertions. The Northern blot in Fig.  6B probed with the P1 fragment shows that normal seedling leaves contained very low levels of Vp14 transcript and that a water stress treatment (see Materials and Methods) caused accumulation of the Vp14 transcript in detached leaves of seedlings. The induction of the 4.1-kb mutant transcript in the vp14-2274 plants confirmed that Vp14 is regulated by water stress in leaves. At a lower stringency the conserved region of Vp14 (P2) detected related transcripts in nonstressed and stressed leaves of wild-type plants.
DISCUSSION
Our results show that the vp14 mutant partially blocks ABA synthesis in the developing seed and in water-stressed leaves, suggesting a role for the Vp14 gene in the control of ABA synthesis in maize. The biochemical and molecular analyses of the Vp14 gene support the conclusion that it encodes a dioxygenase responsible for oxidative cleavage of 9-cisxanthophylls to xanthoxin. Fig. 6B clearly demonstrates induction of the Vp14 mRNA by water stress, so there is environmental control. This result strongly supports the hypothesis that the cleavage reaction is a key regulatory step in the ABA biosynthetic pathway (3) .
Evidence that VP14 Is the Cleavage Dioxygenase. Although the cleavage reaction has not been successfully assayed in plant extracts, deficiencies at other steps in the pathway upstream and downstream of that step appear to be ruled out by our data. The pools of 9-cis-epoxy carotenoid precursors of xanthoxin are not deficient in the mutant, and the enzymes required for conversion of xanthoxin to ABA are fully active in mutant embryo extracts. Although it is possible that only specific cell types in the embryo are affected in these steps, the biochemical phenotype of vp14 clearly differs from the Arabidopsis thaliana and Nicotiana plumbaginifolia mutants that are blocked in the other steps of the pathway (4, 5, 9) . Analysis of purified recombinant VP14 has confirmed that it catalyzes oxidative cleavage of 9-cis-epoxy carotenoids to xanthoxin in vitro (14) . The all-trans isomers are not substrates of VP14; therefore, the mechanism and possible regulation of the nine-double-bond isomerization reaction remains to be determined. Thus far, no mutants affecting isomerization of carotenoids have been identified in plants.
Our results indicate that the bacterial LSD and VP14 define a new class of dioxygenases that catalyze similar double-bond cleavage reactions. Other related proteins of unknown function are detected in mammals, cyanobacteria, and plants. Organisms within these groups synthesize a variety of physiologically active apo-carotenoids, including retinoids, ionones, and ABA. The similarity of VP14 to human RPE65 is intriguing because the retinal pigment epithelium is very active in retinoid metabolism (21) . Elucidation of the mechanism of specific carotenoid cleavage in plants clearly may lead to a better understanding of related reactions in animals.
Overlapping Sources of ABA Synthesis in Plant Development. There are at least three possible explanations for the residual ABA in developing vp14 seeds: (i) the existing alleles may be leaky, (ii) genes with overlapping function may be expressed at low levels in the seed, and (iii) ABA may be transferred from maternal tissues that express functionally related genes. Leaky expression of a functional protein from the vp14-2274 allele would likely require splicing of the Mu1 insertion from the mRNA. We detect little evidence of correctly spliced mutant transcripts on Northern blots. Suppression of the vp14 phenotype by ABA transferred from maternal tissues might explain the variable penetrance of the viviparous phenotype, because stress-induced ABA synthesis in vegetative tissues is only weakly affected by the mutant. In any case, Vp14 probably accounts for only a subset of the ABA biosynthetic activity in the plant.
Our results imply that other Vp14-related genes are expressed in vegetative tissues of the plant. We detect evidence of related genes on moderate-stringency Southern and Northern blots (Figs. 3 and 6 ) and have isolated several distinct, but related cDNAs from roots and leaves (B.C.T. and D.R.M., unpublished results). Other related sequences are found in the rice, maize, and Arabidopsis expressed sequence tag collections. We suggest that a family of differentially regulated Vp14-like genes contribute to environmental and developmental control of ABA biosynthesis in plants. Gene families are an important mechanism underlying developmental control of biochemical pathways in plants. Notably, the ACC synthase genes that encode the key regulatory step in ethylene hormone biosynthesis also comprise a differentially regulated gene family (24) .
Vp14 Functions in Root and Leaf ABA Synthesis. The vp14 mutant evidently targets a pool of ABA involved in stomatal regulation in seedling leaves. Previous studies have established that stress-induced changes in bulk ABA synthesis occur too slowly to account for rapid stomatal responses in leaves and that redistribution of preexisting ABA pools can account for stomatal closure (25) . It is therefore unlikely that the partial inhibition of stress-induced ABA synthesis in vp14 mutant leaves would account for the impaired stomatal regulation detected within the first 5 min after leaf excision. Moreover, we did not detect any differences in the ABA contents of nonstressed mutant and wild-type leaves that would reflect preexisting variations in ABA pools in the leaf. For this reason, the properties of vp14 place strong constraints on the possible size and source of the ABA pool responsible for stomatal regulation in response to leaf excision. Given the experimental error of the ABA measurements, the affected pool must comprise less than 20% of the basal ABA content of turgid leaves. Critical sources of ABA may include localized or very rapid synthesis of ABA in cells near the stomatal complex (25) and͞or ABA transported from the roots in the transpiration stream (26). Localized or low-level constitutive expression of Vp14 mRNA in leaf tissues is consistent with our Northern blot analysis of nonstressed leaves. On the other hand, that Vp14 is expressed in roots is consistent with the root-source hypothesis. The localization of Vp14 expression at the cellular level will provide important clues to the source and regulation of ABA synthesis in leaves.
